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Saccharomyces Cerevisiaea b s t r a c t
Essential genes are involved in most survival-related housekeeping functions. TATA-containing
genes encode proteins involved in various stress–response functions. However, because essential
and TATA-containing genes have been researched independently, their relationship remains
unclear. The present study classiﬁed Saccharomyces cerevisiae genes into four groups: non-essential
non-TATA, non-essential TATA, essential non-TATA, and essential TATA genes. The results showed
that essential TATA genes have the most signiﬁcant codon bias, the highest level of expression,
and unique characteristics, including a large number of transcription factor binding sites, a higher
degree in protein interaction networks, and signiﬁcantly different amino acid usage patterns com-
pared with the other gene groups. Notably, essential TATA genes were uniquely involved in func-
tions such as unfolded protein binding, glycolysis, and alcohol and steroid-related processes.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Genes can be categorized as essential or non-essential depend-
ing on their indispensability to life in rich medium [1,2]. According
to this deﬁnition, approximately 20% of Saccharomyces cerevisiae
genes are essential [3]. Essential genes are involved in most sur-
vival-related housekeeping functions and tend to be highly ex-
pressed in all cells [4–6]. Essential genes evolved more slowly,
show higher codon bias and tend to encode more hubs in PIN com-
pared to their non-essential counter parts [3,7–11]. Genes can also
be classiﬁed as TATA (TATA-containing) and non-TATA (TATA-less)
genes based on the presence or absence of a TATA box in the pro-moter region [12]. Approximately 20% of genes are TATA genes,
and 80% are non-TATA genes [12,13]. TATA genes encode proteins
involved in various stress–response functions for cellular defense,
and the expression of these proteins tends to be ‘‘noisy’’ [13].
The TATA box is a universal element and is highly conserved
[14]. TATA genes differ from non-TATA genes in that the regulation
of TATA genes involves many transcription factors [15].
Although both essential genes and TATA genes are clearly
important in the evolution and function of biological systems, their
relationship is unknown because they are typically researched
independently. The present study classiﬁed S. cerevisiae genes into
and subsequently characterized four groups: NENT, NET, ENT, and
ET genes.
The results not only show the importance and uniqueness of ET
genes but also shed light on the relationship between ENT and NET
genes based on the codon adaptation index (CAI), expression level
(EL), number of transcription factor binding sites (TFBSs), amino
acid usage patterns and degree in the protein interaction network
(Degree). Finally, the functional uniqueness of each of the four
groups of S. cerevesiae genes was investigated using gene ontology
(GO) enrichment analysis.
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2.1. S. cerevisiae genes, amino acid sequences, CAI and Fop
The ORF names, amino acid sequences, CAI and Fop of
6717 genes were retrieved from the yeast genome database
(SGD, http://downloads.yeastgenome.org/curation/calculated_pro-
tein_info/protein_properties.tab).
2.2. Essential genes
Information regarding the essentiality (or lethality) of 5640 S.
cerevisiae genes was retrieved from the MIPS database (http://
mips.helmholtz-muenchen.de/genre/proj/yeast/Search/Catalogs/
searchCatﬁrstDisruption.html). Of these, 1109 genes were essential
and 4531 were non-essential.
2.3. TATA genes
Information regarding the TATA box of 5671 S. cerevisiae genes
was obtained from the raw data of Basehoar et al. [12]. The analysis
identiﬁed 1090 TATA and 4581 non-TATA genes.
2.4. El
The mRNA expression values of 6250 S. cerevisiae genes, as re-
ported by Greenbaum et al. [16], were used as comprehensive ref-
erence values (http://bioinfo.mbb.yale.edu/genome/expression/
translatome/ref.txt). These reference values were constructed by
merging and scaling the results of several previously published
gene chips and serial analyses of gene expression experiments.
2.5. Tfbs
TFBSs for 6496 S. cerevisiae genes were obtained by querying
6717 ORFs retrieved from the SGD using the default setting of
‘‘Search for TFs’’ in the YEASTRACT database (http://www.yea-
stract.co/). The TFBS per gene ranged from 0 to 58.
2.6. Degree
The degree indicates the number of protein interaction partners
of a certain protein. Interaction data were retrieved from the yeast
genome database (http://downloads.yeastgenome.org/curation/lit-
erature/interaction_data.tab) and then ﬁltered for physical interac-
tions. igraph, an R-package for network analysis, was used to obtain
the degree of each protein.Fig. 1. (A) The relationship between essential and TATA gen2.7. Data for analysis
Of the data obtained for 6717 S. cerevisiae genes from the yeast
genome database, complete information regarding essentiality, the
TATA box, EL, the CAI, Fop, and TFBS was available for 5362 genes;
therefore, these 5362 genes comprised the total data set for analy-
sis. The source data are available in Dataset S1.
2.8. Classiﬁcation of genes
Based on the relationship between the essential and TATA
genes, four groups of S. cerevisiae genes were classiﬁed as NENT,
NET, ENT, or ET genes (Fig. 1A and B).
2.9. k-core and excess retention (ER)
The characteristics of the central vertices within a network
were determined according to the ‘‘k-core’’, in which a sub-net-
work obtained by a recursive pruning strategy is identiﬁed. ‘‘Excess
retention (ER)’’ is deﬁned as follows [17]:
ERAk ¼
ðNAk=NkÞ
ðNA=NÞ
where N, NA, NK, and N
A
Kare the number of whole genes; the number
of genes with a certain property, A, within the whole genes; the to-
tal number of genes within the k-core; and the number of genes
with certain property, A, within the k-core, respectively. Of the
5362 S. cerevisiae genes, only the 5210 with a degree of >1 in the
PIN were used for plotting ER in a 100-core or less.
2.10. Statistical analyses
The two-tailed Fisher’s exact test (Fisher’s test) was used for the
enrichment analysis of essential and TATA genes. The Shapiro–
Wilk test was used for testing the normality of the distributions
of CAI, Fop, EL, TFBS and Degree. In the present study, because
these variables did not follow normal distribution in any of the
gene groups (Table S1 and S2), the Kruskal–Wallis test served as
a non-parametric test with which to compare the four gene groups.
The Wilcoxon rank sum test (Wilcoxon test) was also used for non-
parametric comparisons, and Bonferroni’s correction was used to
correct for multiple hypothesis testing. For the analysis of amino
acid usage, a two-tailed proportion test and a two-tailed Fisher’s
test were used. For the GO enrichment analysis, we used on-line
tools (http://www.yeastgenome.org/cgi-bin/GO/goTermFinder.pl)
within the SGD database to test for signiﬁcant GO enrichment of
a given gene set in certain functional categories compared to thees, (B) the proportion of NENT, NET, ENT, and ET genes.
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the assumption of hypergeometric distribution. A P-value <0.05
was used as the cut-off.
3. Results
3.1. The relationship between essential genes and TATA genes and the
identiﬁcation of essential stress response genes
Of the 5362 genes, approximately 1084 (20%) were essential,
1032 (19%) had a TATA box, and 3350 (63%) were neither essential
nor TATA genes. Notably, 104 (2%) genes were both essential and
TATA genes (Fig. 1A and B). TATA genes were enriched in non-
essential genes, whereas essential genes were enriched in non-
TATA genes (Fisher’s test, P < 2.2  1016, Odds Ratio = 2.61, 95%
conﬁdence interval: 2.101–3.236). Essential genes and TATA genes
were nearly independent, as only approximately 2% were involved
in both categories. In this study, ET genes were deﬁned as those in-
volved in essential stress responses and were further analyzed, as
described below.
3.2. Determination of the importance of ET genes based on the CAI and
EL
Codon bias refers to the balance between mutational bias and
translational efﬁciency and thus the evolutionary selection pres-
sure for translational optimization [18]. Therefore, codon bias pro-Fig. 2. Boxplots on the natural logarithm scale for (A) the CAI of essential and non-essen
essential genes, and (D) the EL of TATA and non-TATA genes. Values within parenthesesvides a measure of the importance of a particular gene. The CAI is
one of the indicators of codon bias, and important genes are char-
acterized by high CAI values [19]. There is a clear positive correla-
tion between the CAI and EL; therefore, CAI can be used as a strong
proxy for EL [19]. Consistent with these observations, we found
that essential genes tended to have higher CAIs than non-essential
genes [6]. However, it is not known whether TATA genes and non-
TATA genes differ in their CAIs. Among the genes examined in this
study, the median CAI of essential genes was higher than that of
non-essential genes (P < 2.2  1016; Wilcoxon test) (Fig. 2A,
Table S1). Notably, the median CAI of TATA genes was higher than
that of non-TATA genes (P < 2.2  1016; Wilcoxon test) (Fig. 2B,
Table S1).
Based on the above results, we expected that TATA genes and
essential genes would be highly expressed. The median EL of
essential genes was indeed higher than that of non-essential genes
(P < 2.2  1016; Wilcoxon test) (Fig. 2C, Table S1). In addition, the
median EL of TATA genes was higher than that of non-TATA genes
(P = 6.73  109; Wilcoxon test) (Fig. 2D, Table S1). Although the
expression of TATA genes was more variable than that of non-TATA
genes [13], the basal EL of TATA genes tended to be higher than
that of non-TATA genes. These results suggest that essential genes
and TATA genes are under high selection pressure and are both
important in biological systems.
The differences in the CAIs of the four gene groups were also
investigated. There was a signiﬁcant group difference between
the CAIs (P < 2.2  1016; Kruskal–Wallis test). Notably, speciﬁctial genes, (B) the CAI of TATA and non-TATA genes, (C) the EL of essential and non-
indicate the median.
Fig. 3. The cumulative frequency distribution for (A) CAI and (B) EL for each of the four gene groups. Boxplots on that natural logarithm scale for (A) the CAI and (B) the EL for
each of the four gene groups. Values within parentheses indicate the median, (E) the proportion of the total EL made up by the four gene groups.
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tion of CAIs for the ET genes stood out from that of the other groups
(Fig. 3A), as ET genes had the highest average CAI (P = 9.637  105,
P = 1.534  106, and P = 6.554  1014 vs. NET, ENT, and NENT
genes, respectively; Wilcoxon test) (Fig. 3C). Another interesting
ﬁnding was the lack of difference between the median CAIs of
NET and ENT genes (P > 0.05; Wilcoxon test). A previous study
demonstrated that the CAIs of essential genes tend to be higher
than those of non-essential genes [6,11]. However, in the present
work, the difference between the median CAIs of ENT genes and
NET genes was not signiﬁcant. In addition, NENT genes had a sig-
niﬁcantly lower median CAI than either NET or ENT genes
(P < 2.2  1016 and P < 2.2  1016, respectively; Wilcoxon test).
Similar results were obtained in an analysis of the Fop, which is an-
other measure for codon bias (Fig. S1).
Based on our analysis of the CAI and Fop, we expected that ET,
NET and ENT genes would be highly expressed compared with
NENT genes. The pattern of the cumulative frequency distributions
of the EL for each group was similar to that of the CAI (Fig. 3B).
There was a signiﬁcant EL difference between groups
(P < 2.2  1016; Kruskal–Wallis test). ET genes had the highest
average EL (P = 3.283  109, P = 2.789  107, and
P = 2.395  1016 vs. NET, ENT, and NENT genes, respectively; Wil-
coxon test) (Fig. 3D). The median EL of ENT genes was higher than
that of NET genes (P = 0.0003; Wilcoxon test), whereas the median
EL of the NENT genes was signiﬁcantly lower than the median EL of
either NET or the ENT genes (P = 1.285  109 and P < 2.2  1016,
respectively; Wilcoxon test) (Fig. 3D). Notably, ET genes explained
approximately 9% of total gene expression, despite comprising only
2% of all the S. cerevisiae genes examined (Figs. 1B and 3E).
In summary, the shared characteristics of ENT genes and NET
genes and the importance of ET genes were determined based onanalyses of the CAIs and ELs of the four gene groups. Moreover,
ET genes were shown to be under the highest selection pressure.
3.3. The uniqueness of ET genes determined by investigating TFBS,
Degree, and amino acid usage patterns
Previous research has shown that TATA genes tend to be regu-
lated by a larger number of transcription factors than non-TATA
genes [15]. Overall, essential genes are regulated by fewer tran-
scription factors than non-essential genes [4]. In PINs, essential
genes tend to encode hub proteins [10], whereas genes with highly
variable expression levels tend to encode peripheral proteins [20].
These observations provide indirect evidence that TATA genes are
likely to be on the periphery in PINs.
The four gene groups were also subjected to a genomic charac-
terization in which the TFBS for each group was determined
(Fig. 4A, Table S2). The results showed that there is a signiﬁcant
group difference in the TFBS (P < 2.2  1016; Kruskal–Wallis test).
NET genes had the highest median TFBS (P = 4.838  106,
P < 2.2  1016, and P < 2.2  1016 compared with ET, NENT and
ENT genes, respectively; Wilcoxon test) (Fig. 4A), and the median
TFBS was higher in ET genes than in NENT or ENT genes
(P = 1.376  107 and P = 1.376  107, respectively; Wilcoxon
test). Although the median TFBSs of ENT and NENT genes were
equal, statistical test showed that the TFBS of ENT genes is weakly
lower than that of NENT genes (P = 0.0005; Wilcoxon test).
Investigation of the Degree showed that there is a difference in
Degree between groups (Table S2; P < 2.2  1016; Kruskal–Wallis
test). The median Degree was higher for ENT-encoded proteins
than for proteins encoded by NET and NENT genes
(P < 2.2  1016 and P < 2.2  1016, respectively; Wilcoxon test).
The same was true for ET proteins (P < 2.2  1016 and
Fig. 4. Boxplots on the natural logarithm scale showing the (A) TFBS and (B) Degree for each of the four gene groups, (C) the ER of the four gene groups according to k-core in
the PIN. The ﬁgure illustrates that the ENT and ET genes tend to encode hub proteins, whereas NET and NENT genes tend to encode peripheral proteins.
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no difference in Degree between ENT and ET proteins (P > 0.91;
Wilcoxon test). The median Degree of NET-encoded proteins was
lower than that of proteins encoded by any of the other gene
groups (P < 2.2  1016, P < 2.2  1016, and P = 3.621  108 vs.
ENT, ET and NENT proteins, respectively; Wilcoxon test). Plots of
the excess retention of each gene group with k-core in the PIN sup-
ported that essential genes tend to encode hub proteins, whereas
non-essential genes tend to encode proteins at the periphery,
regardless of the presence of a TATA box (Fig. 4C).
Gong et al. proposed that the amino acid usage patterns of
essential genes and those of non-essential genes would be signiﬁ-
cantly different [1]. This hypothesis was tested by plotting the
usage patterns for the genes in the four gene groups based on
the overall frequency of use (%) of each of the 20 amino acids
(Fig. 5A, Table S3). The highest usage frequencies in all gene groups
were determined for Ala, Val, Thr, Asp, Asn, Ile, Glu, Lys, Ser, and
Leu (frequency,P5%). ET and NET genes also utilized Gly with high
frequency. The proportions of each amino acid were signiﬁcantly
different in each of the four gene groups (Table S3; proportion
test).
For the amino acid enrichment analysis for each group, a Fish-
er’s test was used to examine the difference in amino acid usage
between each gene group and the total genes (5365 genes) for each
of the 20 amino acids (Fig. 5B–F, Table S4). Based on the CAI and ELvalues, NET, ENT, and ET genes can be considered to be biologically
important gene groups, whereas NENT genes are trivial. Accord-
ingly, the difference in the amino acid usage patterns was deter-
mined for important vs. trivial gene groups. Each plot was sorted
with respect to the odds ratios for each amino acid in the trivial
genes. A signiﬁcant difference from the usage pattern in two gene
groups was found (Fig. 5B). Odds ratio plots for the four gene
groups are shown in Fig. 5C, but they were too complex to discern
a pattern. Fig. 5D and E show odds ratio plots for NENT and ET
genes, and for NET and ENT genes, respectively. The amino acid
usage pattern of ET genes followed the general trend of the impor-
tant gene groups, with a few exceptions (Fig. 5D). By contrast, the
amino acid usage patterns of NET and ENT genes did not follow the
general trend of the important genes. Furthermore, NET and ENT
genes showed opposing usage patterns for 14 amino acids (Gly,
Glu, Thr, Asp, Lys, Leu, Tyr, Gln, Phe, Arg, Trp, Pro, Ser and Cys)
(Fig. 5E). Thus, NET genes predominantly used Ala, Gly, Val, Thr,
Tyr, Phe, Trp, Pro, Ser and Cys with relatively scarce usage of Glu,
Asp, Lys, Leu, Gln, Arg, His, and Asn, whereas ENT genes predomi-
nantly used Glu, Asp, Lys, Leu, Gln, and Arg with relatively scarce
usage of Gly, Thr, Tyr, Phe, Trp, Pro, Ser, His, Cys, and Asn. Both
Ala and Val were the preferred amino acids of NET genes, but their
usage in ENT genes was not remarkable. His was the preferred ami-
no acid in ENT genes, but not in NET genes. Asn showed depletion
in both NET and ENT genes. Neither of these gene groups showed
Fig. 5. Amino acid usage patterns for the four gene groups. (A) The percentage usage of each amino acid by the four gene groups, (B–F) plots of the odds ratios obtained from a
Fisher’s test comparing the usage of each amino acid by each gene group with that of the background genome (5365 genes). Each plot is sorted with respect to the odds ratios
for each amino acid in NENT genes, (B) odds ratio plots for the use of each amino acid in the important genes (ET, NET, and ENT genes) and the trivial genes (NENT genes), (C)
for each of the four gene groups, (D) for NENT and ET genes, (E) for NET and ENT genes, and (F) for both ENT and NET genes, and ET genes. Error bars indicate the 95%
conﬁdence interval. The star, diamond, and triangle indicate P < 0.001, P < 0.01, and P < 0.05, respectively.
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amino acids preferred by ENT genes were polar, with a net charge
(except for Leu and Gln), whereas most of the amino acids pre-
ferred by NET genes were non-polar or polar, with no net charge.
The combined amino acid usage pattern by NET and ENT genes
was similar to that of ET genes (Fig. 5F).
In summary, based on TFBS, Degree, and amino acid usage pat-
tern, an opposing relationship between NET and ENT genes was
identiﬁed. ET genes, however, are unique in that they displayed
characteristics of both ENT and NET genes.
3.4. Identiﬁcation of the functions of the genes involved in essential
stress response
As their name implies, essential genes are indispensable for the
survival of the organism. These genes are typically involved in fun-
damental biological processes, so-called ‘‘housekeeping functions’’,
such as cell wall and membrane biogenesis, ribosome biosynthesis,
and DNA replication [21]. TATA genes are involved in functions re-
lated to wound healing, inﬂammatory response, and response to
external stimuli [22]. However, the functions of ET genes in terms
of survival and the stress response are unclear.We therefore performed a GO-enrichment analysis of molecular
function and biological processes to investigate the functions en-
coded by ET, NET, and ENT genes (Fig. 6, Table 1, Table 2, Dataset
S2–3). For ENT, NET, and ET genes, 88, 31, and 4 enriched GO terms
were obtained, respectively. Of the four GO terms for molecular
functions encoded by ET genes, two overlapped with those of
ENT genes, and one overlapped with one of the NET functions. A
unique GO term in ET genes is ‘‘unfolded protein binding’’, which
is related to chaperone activity and the binding of unfolded pro-
teins of the endoplasmic reticulum (ER) in a process called ER
stress. GO enrichment analysis of biological processes yielded
235, 68, and 31 enriched GO terms for ENT, NET, and ET genes,
respectively. Of the 31 GO terms for biological processes encoded
by ET genes, nine overlapped with those of ENT genes, and eleven
overlapped with those of NET genes. Eleven GO terms were unique
to ET genes; these were related to ‘‘glycolysis’’, ‘‘alcohol-related
process’’ and ‘‘steroid-related process’’.
4. Discussion
Over the last few decades, knockout techniques and computa-
tional methods have been used extensively to characterize
Fig. 6. GO enrichment analysis of ENT, NET, and ET genes. The number of GO terms
enriched in the enrichment analysis of the (A) molecular function and (B) biological
process of GO.
Table 1
GO enrichment analysis of molecular function for ET genes.
GOID GO term P-value Co⁄
16772 Transferase activity, transferring phosphorus-
containing groups
0.00108 ENT
51082 Unfolded protein binding 0.00639 –
16491 Oxidoreductase activity 0.03227 NET
5515 Protein binding 0.03268 NET
Co⁄ indicates co-occurrence.
Table 2
GO enrichment analysis of biological process for ET genes.
GOID GO term P-value Co⁄
9987 Cellular process 1.39E-14 ENT
44237 Cellular metabolic process 4.63E-11 ENT
8152 Metabolic process 1.95E-10 ENT
44238 Primary metabolic process 4.91E-09 ENT
44249 Cellular biosynthetic process 3.56E-08 ENT
9058 Biosynthetic process 6.33E-08 ENT
44283 Small molecule biosynthetic process 2.73E-06 NET
44281 Small molecule metabolic process 1.15E-05 NET
6066 Alcohol metabolic process 5.22E-05 NET
46165 Alcohol biosynthetic process 5.92E-05 NET
6096 Glycolysis 0.0005 –
6007 Glucose catabolic process 0.00111 NET
16129 Phytosteroid biosynthetic process 0.00174 –
44108 Cellular alcohol biosynthetic process 0.00174 –
6696 Ergosterol biosynthetic process 0.00174 –
16128 Phytosteroid metabolic process 0.00267 –
8204 Ergosterol metabolic process 0.00267 –
19320 Hexose catabolic process 0.00294 NET
8610 Lipid biosynthetic process 0.00407 ENT
16126 Sterol biosynthetic process 0.0048 –
44107 Cellular alcohol metabolic process 0.0048 –
6694 Steroid biosynthetic process 0.0048 –
46365 Monosaccharide catabolic process 0.00521 NET
19318 Hexose metabolic process 0.00682 NET
34641 Cellular nitrogen compound metabolic process 0.0076 ENT
6807 Nitrogen compound metabolic process 0.01095 ENT
46164 Alcohol catabolic process 0.0126 NET
6006 Glucose metabolic process 0.01663 NET
5996 Monosaccharide metabolic process 0.02249 NET
16125 Sterol metabolic process 0.0303 –
8202 Steroid metabolic process 0.0303 –
Co⁄ indicates co-occurrence.
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solely on the essential genes required for survival or the role of
TATA genes in the stress response is not sufﬁcient to fully under-
stand the global evolutionary mechanisms of biological systems.
In this study, we characterized the relationship between essential
and TATA genes, identiﬁed ET genes as essential stress response
genes, and discovered the potential functions of each group of
genes based on the analyses of CAI, Fop, EL, TFBS, Degree and GO
functions. The present investigation clearly supports the impor-
tance and uniqueness of ET genes. We were also able to investigate
the shared CAI and EL and distinct TFBS, Degree and amino acid
usage patterns between ET and NET/ENT genes. The unique ET
GO function ‘‘unfolded protein binding’’ is related to chaperone
activity and ER stress. ‘‘Glycolysis’’ is an essential process that ex-
tracts energy from glucose in both aerobic and anaerobic organ-
isms. Both ‘‘unfolded protein binding’’ and ‘‘glycolysis’’ are
conserved functions among all eukaryotic organisms [23,24]. In
humans, a collapse of the ER stress response or glycolytic pathway
has been implicated in various diseases, such as diabetes, neurode-
generative diseases, cancer and heart disease [25–27]. Notably, S.
cerevisiae appears to have developed an alcohol-related processas an essential stress response for alcoholic fermentation [28]. A
steroid-related process was related with triggering a general stress
response [29].
However, some questions remain unanswered. It is important
to investigate the relationship between each of the identiﬁed func-
tions and the essential stress response. Another possibility for fu-
ture work is to identify the differences within the core promoter
elements of the 63% non-essential and 18% essential TATA-less
genes. Additionally, although the present study addressed the evo-
lutionary pressure of essential and TATA genes through parameters
such as CAI and EL, other parameters, such as the number of phys-
ical and genetic protein interactions, the ﬁtness consequences of
gene knockout, the sequence length and the ‘‘age of the gene’’
[30] are important evolutionary determinants. We anticipate that
these parameters will become important future topics in genomics.
Finally, these ﬁndings should contribute to elucidating the evo-
lutionary and functional mechanisms of a biological system,
including the genesis of various diseases, such as diabetes, cancers,
and neurodegenerative diseases.
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